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Abstract—The compound Bi,,(CoBi)O,4, has been synthesized using the solid-phase reaction method. The
temperature and field dependences of the magnetic moment in the temperature range 4 K < 7< 300 K and
the temperature dependences of the EPR line width and g-factor at temperatures 80 K < 7'< 300 K have been
investigated. The electrical resistivity and thermoelectric power have been measured in the temperature range
100 K< T'< 1000 K. The activation energy has been determined and the crossover of the thermoelectric power
from the phonon mechanism to the electron mechanism with variations in the temperature has been
observed. The thermal expansion coefficient of the samples has been measured in the temperature range
300 K < T< 1000 K and the qualitative agreement with the temperature behavior of the electrical resistivity
has been achieved. The electrical and structural properties of the compound have been explained in the
framework of the model of the electronic-structure transition with inclusion of the exchange and Coulomb
interactions between electrons and the electron—phonon interaction.
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1. INTRODUCTION

Mixed-valence compounds exhibit remarkable
magnetic and electrical properties. An example is pro-
vided by the manganites La, _,.4,MnO; (4 = Sr, Ca,
Ba) [1, 2] with orbital, spin, and charge ordering. The
well-studied iron oxides Fe;O, [3, 4] with charge
ordering in the magnetically ordered region are char-
acterized by a high electrical conductivity, in particu-
lar, due to the closely spaced divalent and trivalent iron
ions in octahedral positions. Cobalt oxide Co;0, [5]
and manganese oxide Mn;0, [6] exhibit a low electri-
cal conductivity, which is associated with the differ-
ence in the crystal structures, because the dominant
contribution to the kinetic properties of the com-
pound comes from the hopping of electrons between
the cations in tetrahedral and octahedral sites. The
magnetic and electrical properties of these compounds
with charge ordering are determined by electrons of 3d
metals. Charge ordering can be observed as a result of
the removal of the orbital degeneracy of electrons in
the 3d states due to the spin—orbit interaction and
interaction with the phonon modes. The basic mech-
anism that is responsible for the charge ordering in
these systems is rather difficult to determine. In order

to get rid of the accompanying interactions and to
describe the charge ordering as a transition in the elec-
tronic system, we consider electrons in the s states of
the Bi,,(CoBi)O,4, compound containing the bismuth
ions either with the filled 6s? shell or with the empty 6s
shell. The destruction of the charge ordering can lead
to an electronic-structure transition and a change in
the kinetic properties of the material.

The purpose of this work was to establish a correla-
tion of the magnetic, electrical, and structural charac-
teristics of the semiconductor with charge ordering.

2. SYNTHESIS AND CRYSTAL STRUCTURE

Polycrystalline bismuth cobaltite was synthesized
by the solid-phase reaction method. The initial com-
ponents, namely, bismuth oxide Bi,O; and cobalt
oxide Co;0, of high-purity grade (99.9%), were care-
fully ground in an agate mortar. The powder thus
obtained was pressed into pellets. The synthesis was
carried out at a maximum temperature of 1023 K in
several stages with intermediate grinding.

The X-ray powder diffraction pattern of the com-
pound under investigation was recorded at room tem-
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Fig. 1. (a) Crystal structure of the Biy4(CoBi)O,4, compound. (b) X-ray powder diffraction pattern of the Bi,4(CoBi)Oy4, sample:

(1) experimental curve, (2) theoretical X-ray diffraction pattern, (3) difference between the experimental and theoretical X-ray
diffraction patterns, (4) Biy4(CoBi)Oy phase, and (5) Co304 phase.

perature on a Bruker D8 ADVANCE X-ray powder
diffractometer (Cuk, radiation, 6—26 scan mode)
equipped with a VANTEC linear detector. The 26 scan
step was 0.016°, and the exposure time per step was
0.6 s. The positions of all reflections were determined
with the EVA program included in the DIFFRAC-
PLUS software package (Bruker AXS, Germany). The
X-ray powder diffraction analysis of the sample
revealed that the synthesized compound consists of
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two phases: Bi,(CoBi)O,, and Co0;0,. The main
phase Bi,,(CoBi)O,, has a cubic symmetry, which cor-
responds to the non-centrosymmetric space group /23
[7]. The unit cell contains one formula unit. The crys-
tal structure of the Bi,,(CoBi)O,4, compound is shown
in Fig. la. Two structurally nonequivalent bismuth
atoms, Bi(1) and Bi(2), occupy the following posi-
tions: the Bi(1) atom occupies the position 24f, and
the Bi(2) atom occupies the position 2a. The cobalt
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atom occupies the same position 2a as the Bi(2) atom
with a probability of 50%. The oxygen atoms O(1) and
O(3) are located in the position 8¢, and the O(2) atom
occupies the position 24f. The bismuth atom Bi(2) and
the cobalt atom are located in the tetrahedral environ-
ment formed by the oxygen atoms. The impurity phase
Co;0, has the structure of cubic normal spinel with
the lattice parameter a = 8.09 A [3, 8]. The refinement
of the structures, unit cell parameters, profiles of the
diffraction peaks, and contents of the phases in the
sample was performed with the DDM program [9].
The result of the refinement is presented in Fig. 1b.
The profile R-factor was Rppy = 8.49%, and the inte-
grated R-factors were as follows: R; = 5.54% for the
Bi,,(CoBi)O,4, phase and Ry = 5.43% for the Co;0,
phase. The unit cell parameters after the refinement
were as follows: a = 10.1917(1) A for the
Bi,(CoBi)O,4, phase and a = 8.0842(1) A for the
Co;0, phase. The contents of the phases in the sample
were found to be as follows: 77.0(5)% for the
Biy(CoBi)O4, phase and 23.0(5)% for the Co;0,
phase.

The synthesis of pure samples of the Biy,(CoBi)Oy,
compound is a very difficult task because of the com-
plex phase diagram of the Bi,O;—Co50, system (com-
ponents allow for the formation of other compounds)
and the volatility of Bi,O; above its melting point. The
same problems are encountered in the synthesis of the
BiFeO, compound [10, 11]. In this paper, for compar-
ison, we have presented the magnetic and electrical
properties of the 0.77Bi,(CoBi)O,4, - 0.23C0;0, and
Co0,0, samples and the magnetic properties of the
Bi,4(CoBi)O,, compound.

The differential thermal analysis curve has no
anomaly up to the temperature 7'= 1157 K. This indi-
cates the absence of phase transitions in the material.

3. MAGNETIC PROPERTIES

The magnetic properties of the samples were inves-
tigated on a Quantum Design MPMS XL SQUID
magnetometer in the temperature range 4 K < T <
300 K during heating at a rate of 4 K/min. The
temperature dependences of the magnetic susceptibil-
ity measured for the two-phase compound
0.77Biyu(CoBi)O,4,  0.23Co050, and the cobalt oxide
Co0,0,in a magnetic field H= 5T are shown in Fig. 2.
The curve of the magnetic susceptibility of the cobalt
oxide has a maximum near the temperature 7, ,,,, = 39
K, and the maximum of the derivative dy/dT is
observed at 7= 32 K. The magnetic properties of the
Co0,0, phase are well understood. According to some
authors, the temperature T, can be identified with
the Néel temperature Ty = 40 K [12], whereas the oth-
ers authors identify this temperature with the temper-
ature of the maximum of the derivative dy/dT [11].
The magnetic susceptibility y,; of the Bi,,(CoBi)Oy,
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Fig. 2. Temperature dependences of (/, 2) the magnetic
susceptibility of (7) 0.77Biyy(CoBi)Oyq - 0.23C030,4 and
(2) Co304 and (3) the reciprocal of the magnetic suscepti-
bility of the Biy4(CoBi)Oy4y phase. H=5T.

phase was found by subtracting the magnetic suscepti-
bility of the cobalt oxide 7y, (taking into account the
weight ratio) from the magnetic susceptibility of the
two-phase compound y: x; = %, — 0.23y,. Figure 2 also
shows the temperature dependence of the reciprocal
of the magnetic susceptibility 1/y, for the
Bi,,(CoBi)O,, phase in the temperature range 4 K <
T < 300 K, which is fairly well described by the Curie—
Weiss law with the negative paramagnetic Curie tem-
perature ® = —12.3 K and the effective magnetic
moment (L = 5.08 pg. Based on these data, we can
assume that the magnetic moment of the
Bi,,(CoBi)O,, phase is determined by the spins of the
trivalent cobalt ions located in tetrahedral positions
with §' = 2. The absence of long-range magnetic order
for the Biy(CoBi)O,4, phase at temperatures 7> 4 K,
quite possibly, is associated with the spin—phonon
interaction, which leads to a decrease in the Néel tem-
perature, and at a particular critical interaction
parameter, the long-range magnetic order vanishes. In
this case, the structure retains only the short-range
order, which also gives a finite value of the paramag-
netic Néel temperature. In order to elucidate the
influence of the external magnetic field, the magneti-
zation was measured in the field range -5 T< H<5T
at temperatures 7 = 5 and 300 K. Figure 3 shows the
curves of the dependences of the magnetization on the
magnetic field for the two-phase compound
0.77Bi,,(CoBi)Oy, - 0.23C05;0, and the cobalt oxide
Co,0,. The dependence M(H) for the Co;0, phase in
the magnetically ordered state at the temperature 7 =
5 K has a shape typical of polycrystalline antiferro-
magnets, and at room temperature, a shape typical of
paramagnets. The magnetization of the Bi,,(CoBi)Oy,
phase was determined by subtracting the magnetiza-

2012



2008
(a)
2+ ......o
-‘...‘
E =
H [ ] -......--
gﬁ 0 I .2-..--.-....l...::'.l.l-..ll. [ |
= .
o'...
..
»
2k .i oot
| | l I | |
. 0 2 4 6
| (®)
-....
2 -.l.
-.- o
®
g l'::::-' soeo*®’
Or ot
- L
= .f-“"‘"::'
2 .Ill. ....
oL ....
l... 1
—4 | . | | | |
] 2 4 6
H'T

Fig. 3. Field dependences of the magnetization of (a)
0.77Biy4(CoBi)Oy - 0.23C0304 and (b) Co304 at temper-
atures 7= (/) 5 and (2) 300 K.

tion of the two-phase compound from the magnetiza-
tion of the cobalt oxide: M[Biy(CoBi)O,] =
M[0.77Bi,,(CoBi)Oy - 0.23C05,0,] — M[0.23Co050,].
The curves of the magnetic field dependences of the
magnetization at temperatures 7 = 5 and 300 K are
shown in Fig. 4. At T= 5 K, the Bi,,(CoBi)O,, com-
pound is in the paramagnetic state in a static magnetic
field induced by the nearest ferromagnetic planes of
the cobalt oxides Co;0,. Consequently, one part of the
spins of the Bi,,(CoBi)O,, compound is in a magneti-
cally ordered state, whereas the other part of the spins
resides in the paramagnetic state with a weight x. The
magnetization in this case is described by the Brillouin
function M/Nug = xgSB(gSugH/kgT), which is pre-
sented in Fig. 4b for the spin of the cobalt ion .S = 2.
The difference between the theoretical and experi-
mental results is associated with the magnetic interac-
tion between spins of the two phases of the cobalt oxide
and the Biy,(CoBi)O4, compound. The fraction of the
paramagnetic phase is x = 0.78; it is determined by fit-
ting the Brillouin function to the experimental data
(Fig. 4b).
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Fig. 4. (a) Magnetization curves M(H) for the

Biy4(CoBi)Oy4y compound at temperatures 7'= (/) 5 and
(2) 300 K. (b) Brillouin function M/Nug =
xgSBy(gSugH/kgT) plotted for the concentrations of

paramagnetic atoms x = (/) 1 and (2) 0.78 versus the mag-
netic field normalized to the temperature 7= 5 K, and (3)
experimental data for Biyy(CoBi)Oyj.

The interaction of the spin and elastic subsystems is
revealed in the electron paramagnetic resonance
(EPR) investigation. The magnetic cobalt ion in both
compounds is located in the tetrahedral environment.
The temperature dependences of the g-factor and the
EPR line width for the Bi,,(CoBi)O,, phase and the
cobalt oxide are shown in Fig. 5. The experimental
data have demonstrated that, with an increase in the
temperature, the resonance field decreases, whereas
the g-factor increases from g = 2.22 to 2.25. The
observed increase in the g-factor for the cobalt oxide
does not currently have an explanation. As regards the
Bi,,(CoBi)O,, compound, the increase in the g-factor,
most likely, can be associated with local structural dis-
tortions induced by the change in the valence of bis-
muth, which leads to a reduction of the local symme-
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Fig. 5. Temperature dependences of (a) the g-factor and
(b) the EPR line width for (/) Biyy(CoBi)Oy4y and (2)
Co304[13].

try. The values of the EPR line width for the two com-
pounds coincide to within 16%. The EPR line width
increases linearly with increasing temperature, which
indicates the interaction of spins with phonons. For
the polycrystalline sample, the EPR line width AH is
described by the equation AH = C/Ty[K(T) + f(1)]
[13], where Cis the Curie constant, K(7) is the param-
eter of the spin—phonon interaction, f{(t) is the critical
contribution in the vicinity of the Néel temperature
due to the formation of short-range magnetic order,
and 1t = (T — T\)/Ty. For temperatures 7 > 0, the
temperature dependences AH(T) and K(7) coincide.
The EPR line shape is slightly asymmetric, so that the
line half-widths AH,/2 and AH,/2 on the right and left
of the resonance differ by 10 Oe. This difference is
within 1% of the line width and stems from the closely
spaced resonances of the cobalt spins in Co;0, and
Bi,,(CoBi)O,4, for which the difference in the g-fac-
tors is also within 1%. The relaxation of the spin
moments occurs through the elastic system. The triva-
lent cobalt ion belongs to the Jahn—Teller ions, and
the orbital degeneracy can be removed by the dynamic
interaction with the vibrational modes of the tetrahe-
dron or as a result of the orbital ordering of electrons.
Each of these factors can lead to anisotropy of the
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Fig. 6. Logarithm of the electrical resistivity of (a)
0.77Biy4(CoBi)Oy - 0.23C0304 and (b) Co304 as a func-

tion of the reciprocal of the temperature. The inset shows
Inp(7) in the temperature range 500 K < 7" < 1000 K:
(1) 077B124(COB1)O40 . 0.23C0304 and (2) C0304.

spin—spin correlation functions, and the difference
between the g-factor and the value of g = 2 is propor-
tional to the exchange anisotropy Ag ~ ((J2 — J4)/J?)2.

4. ELECTRICAL PROPERTIES

The electrical resistivity was measured by the four-
probe compensation method at direct current in the
temperature range from 77 to 1000 K for two samples
of the two-phase compound 0.77Bi,,(CoBi)O,, -
0.23Co050, and the cobalt oxide Co;0,. The curve of
the temperature dependence of the electrical resistiv-
ity for 0.77Bi,,(CoBi)O,, - 0.23Co0,0, differs signifi-
cantly from the curve for Co;0, (Fig. 6). The temper-
ature dependence of the electrical resistivity of the
phase Co;0, in the temperature range 80 K < 7< 600 K
has a nonmonotonic behavior (Fig. 6b); in particular,
inflections are observed at temperatures 7= 250 and
170 K; moreover, at the same temperatures, the g-fac-
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tor changes abruptly. These anomalies can be attrib-
uted either to the formation of structural distortions in
the crystal lattice or to the removal of the degeneracy
of the vibrational modes of the octahedron due to the
electron—phonon interaction. At the temperature 7 =
600 K, most probably, there occurs a transition from
the low-spin state to the high-spin state with possible
charge fluctuations 2Co3* = Co** + Co** [14], which
form an electron-hole pair that leads to a change in the
activation energy AE = 0.31 eV. At temperatures in the
range 520 K < T< 600 K, the temperature dependence
of the electrical resistivity of the cobalt oxide has a
small plateau, which is not observed in the depen-
dence of the two-phase compound. The behavior of
the electrical resistivity of the two-phase compound
0.77Bi(CoBi)Oy, 0.23Co0;0, is adequately
described by the exponential relationship in the tem-
perature range 200 K < 7'< 750 K with the activation

PHYSICS OF THE SOLID STATE Vol. 54

APLESNIN et al.

energy AE = 0.23 eV. With a further increase in the
temperature, the electrical resistivity p(7) of the
0.77Bi»,(CoBi)Oy, - 0.23Co05;0, compound decreases
abruptly and, in the temperature range 900 K < T'<
T* =950 K, is fairly well described by the power func-
tion Inp = A(1 — T/T*)%23, whereas the cobalt oxide is
characterized by the linear dependence of Inp on the
reciprocal of the temperature. The electrical resistivity
of Co;0, is two orders of magnitudes lower than that of
0.77Biyn(CoBi)0y4, - 0.23Co0;0, at temperatures 7' <
1000 K (see inset to Fig. 6b).

The temperature dependences of the Seebeck coef-
ficient for the two compounds under investigation are
shown in Fig. 7a. The dependences o(7) are qualita-
tively different in the high-temperature range 300 K <
T < 1000 K. In particular, the thermoelectric power of
Co0,0, increases during heating at temperatures 7 >
350 K and reaches a maximum at 7= 610 K, whereas
the thermoelectric power of the two-phase compound
decreases with increasing temperature to 7 = 800 K.
At T < 250 K, the temperature dependences of the
thermoelectric power of 0.77Bi,(CoBi)Oy,
0.23Co050, and Co50, are qualitatively similar, and the
experimental data are adequately described by the
exponential relationship ou(7) = Aexp(®,/kzT), where
0, is the energy of the optical mode, which for these
compounds is determined by the collective vibrational
modes of the tetrahedra with ®, = 0.092 eV for
0.77Biy(CoBi)Oy, - 0.23Co0;0, and ®; = 0.12 eV for
Co0;0,. The large values of the thermoelectric power at
low temperatures are associated with the electron—
phonon drag effect. The cobalt ions are characterized
by charge fluctuations between orbitals. This leads to a
strong interaction with the internal polarization field
induced by optical vibrations as compared to the inter-
action associated with the deformation potential. The
temperature dependence o(7) is determined by the
temperature dependences of the phonon and electron
(hole) relaxation times. The interaction of holes with
long-wavelength acoustic phonons leads to the power
relationship o(7) ~ 73 [15], which manifests itself
in semiconductors in the low-temperature range (50—
100 K). The interaction of holes with optical phonons
is significant at higher temperatures. For k37T < ©,/4,
the number of these phonons in the vibrational spec-
trum exponentially decreases n, ~ exp(—0,/kgT). The
relaxation time of charge carriers in the optical mode
is inversely proportional to the number of phonons t ~
1/n,; therefore, we can expect that the thermoelectric
power will be adequately described by the exponential
relationship a(7) = Aexp(®y/kgT) [15]. At higher
temperatures 7'> 250 K, the thermoelectric power is
governed by the electrons and described by the rela-
tionship o(7) = kg/e(AE/kgT + vk T) [16], where e is
the elementary charge, kg is the Boltzmann constant,
vkgT is the average energy carried by holes, and AFE is
the activation energy for hopping conduction.
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Figure 7b shows the fitting function o(7) = A/T + BT
with A = 162 V and B~ 0.0003 V/K. Using this func-
tion, we determined the activation energy AE' = 0.160 +
0.015 eV and the average kinetic energy of charge car-
riers (holes) of the order 103 eV. In the temperature
range 250 K < 7'< 800 K, the thermoelectric power
decreases monotonically and reaches a minimum at
the temperature 7' = 800 K for 0.77Bi,,(CoBi)O,, -
0.23Co050,. According to the theoretical results, the
thermoelectric power has a minimum at the tempera-

ture 7, =AEN3(n-2)/ 21 for hopping conduction
over the nearest neighbors under the condition kz7T <<
Lo (Lo is the chemical potential) [17]. The activation
energy found from the temperature of the minimum is
AE = 0.17 eV. A similar temperature dependence of
the thermoelectric power was observed in samples of
Fe;O, _ .F,. with hopping conduction [18], where the
activation energy determined from the minimum of
the dependence a(7) is equal to AE = 0.04 eV and has
a smaller value as compared to the value AE=0.076 eV
obtained from the temperature dependence of the
electrical conductivity. Thus, at temperatures 7 ~
250 K, the thermoelectric power is characterized by a
crossover from the phonon mechanism to the electron
mechanism.

A correlation between the structural characteristics
and the kinetic coefficients can be traced in terms of
the thermal expansion coefficient of the samples. The
temperature dependences of the volume thermal
expansion coefficient § for the two compounds under
investigation are shown in Fig. 8. It can be clearly seen
from this figure that the volume thermal expansion
coefficient for the cobalt oxide Co;0, [14] is two times
smaller than that for the Bi,,(CoBi)O,, compound at
room temperature. An increase in the temperature of
the sample leads to a monotonic increase in the lattice
parameters of the cobalt oxide Co;0, with the subse-
quent drastic increase at higher temperatures 7' >
700 K [14]. This effect is also explained by the intra-
atomic spin transition in the cobalt ion inside the octa-
hedron from the low-spin (LS) ground state of the
electronic configuration to the high-spin (HS) state
due to the change in the ionic radius of cobalt from
R; s =0.053 nm to Ryg = 0.061 nm [19]. The lattice of
the Biy(CoBi)O,4, compound expands to the temper-
ature 7= 630 K, and the volume thermal expansion
coefficient 3 has a local minimum at 7'= 700 K. The
observed increase in the thermal expansion coefficient
of the Bi,,(CoBi)O,, compound, quite possibly, is
associated with the increase in the radius of the cobalt
ion in the tetrahedron as a result of the redistribution
of the electron density between the 7,, and e, states. A
change in the charge state of the bismuth ions causes a
decrease in the ionic radius of Bi** and, correspond-
ingly, leads to a decrease in the linear size of the lattice.
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5. THE MODEL

Let us consider the scheme of the arrangement of
the bismuth ions responsible for the formation of an
electronic-structure phase transition in one of the
planes (Fig. 9). The pentavalent bismuth ion is sur-
rounded by eight trivalent bismuth ions. The transition
of an electron from the Bi** ion to the Bi’* ion can be
interpreted as the formation of a localized exciton in
the cubic lattice site. For the electron transition
between the lattice sites, it is necessary that the charge
state should be changed from Bi** to Bi**. We use a
simple model with two sites: one site is occupied by the
Bi** ion with the filled 6s shell, while the other site is
occupied by the Bi’* ion with the empty 6s shell, so
that, on the average, there is one electron per site with
a charge carrier concentration #,. The redistribution of
the charges Bi** + Bi’* = Bi** + Bi*" between the
adjacent sites results in the transition of two electrons
to the conduction band in which the electron concen-
tration is n,. These processes obey the law of conserva-
tion of charge: n, + n, = 1. We take into account the
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Fig. 9. Scheme of the arrangement of the bismuth and cobalt ions in the crystal lattice of the Bi,4(CoBi)O4, compound.

Coulomb interaction between electrons in the form
Gnn, = G(1 — ny)ng then, the energy of the system can
be represented as a function of the number of itinerant
band electrons n, = 1 — n,. The contribution to the
energy of the system from the kinetic energy of the s
electrons filling the lower states of the s band can be
represented in the form Wn? [20], and the exchange
energy can be written as Jn*/>. In this case, the energy
of the electronic system can be represented in the fol-
lowing form [21]:

F,=E;n —Jn”’ + wn’ - Gn’
—T(ninn—(1-n)In(1-n)),

where E, = E, — G, E, is the energy of electrons in bis-
muth ions, which is measured from the bottom of the
conduction band; Wis the kinetic energy; and the last
term corresponds to the entropy contribution to the
free energy.

At the absolute zero of the temperature, an increase
in the concentration of charge carriers in the conduc-
tion band can lead to a first-order phase transition.
The experimental data indicate a strong correlation
between the electronic and structural characteristics.
Therefore, in addition to the electron—electron inter-
action, the model should take into account the elec-
tron—lattice interaction [22]. This is associated with
the fact that ions of different valences, between which
the transition occurs, have strongly different (by 15—
20%) ionic radii. Accordingly, the electronic phase
transition is usually accompanied by a significant
change in the lattice parameters. The electron—lattice
interaction includes the interaction of electrons with a
homogeneous deformation and with phonons at a
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specified strain. In the self-consistent field approxi-
mation, we take into account the interaction of elec-
trons with a homogeneous deformation in the linear
approximation for the displacement of the ion. The
complete expression for the free energy has the follow-
ing form: F= F,— Anu +1/2ku?, where ) describes the
electron—lattice interaction and k is the elastic con-
stant of the lattice.

The dependence of the relative displacement of the
ion and the concentration of electrons in the conduc-
tion band on the temperature can be determined by
minimizing the free energy in two parameters:
dF/du = 0 and dF/dn = 0. As a result, we obtain the
transcendental equation, the solution of which for the
concentrations #, is adequately described by the expo-
nential dependence on the reciprocal of the tempera-
ture (see inset to Fig. 10). For the exchange interaction
J = 900 K, the calculated activation energy AE =
0.21 eV agrees satisfactorily with the experimental
value AE = 0.23 eV obtained from the electrical con-
ductivity of the two-phase compound Bi,,(CoBi)O,, -
0.23Co0;0, (Fig. 6). The change in the lattice parame-
ters as a function of the temperature is determined by
two competing factors: the anharmonicity of vibra-
tions of the ions in the lattice, which are responsible
for the lattice expansion u, = b/2k* (where b is the
elastic constant of the cubic term in the displacement
of the ion), and the compression of the lattice due to
the electron—Ilattice interaction u, = An,/k. The result-
ing displacement of the ions u = b/2k?> — An/k is pre-
sented in Fig. 11. The thermal expansion coefficient
was calculated from the derivative of the displacement
of the ions with respect to the temperature du/dT (see
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Fig. 10. Logarithm of the electrical resistivity normalized
to the electrical resistivity at 7= 200 K as a function of the
reciprocal of the temperature: (/) experiment and (2) the-
oretical calculation. The inset shows the logarithm of the
concentration of electrons in the conduction band as a
function of the reciprocal of the temperature, calculated
by minimizing the free energy for the parameters E/J =
2.5, W/J=3,G/J=0.6,L/J=0.5and k/J = 6.
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Fig. 11. Temperature dependence of the relative displace-
ment of ions u = b/2k2 — Ang/k. The inset shows the deriv-

ative of the displacement of the ions with respect to the
temperature du/dT, calculated by taking into account the
temperature dependence of the concentration of electrons
in the conduction band for the parameters E/J = 2.5,
wW/J=3,G/J=0.6,\/J=0.5,k/J=6,and b/J = 1.

inset to Fig. 11). The calculated temperature depen-
dence of the derivative of the displacement of the ions
du/dT(T) is qualitatively consistent with the experi-
mental data.
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6. CONCLUSIONS

Thus, the results obtained have demonstrated that,
in the Bi,,(CoBi)O,, compound containing the bis-

muth ions Bi’* and Bi** with the filled and empty 6s
shells, the magnetic properties are determined by the
cobalt ions with weak antiferromagnetic interaction. It
has been found that, in the paramagnetic state, there is
a strong spin—phonon interaction, which leads to an
increase in the EPR line width. The activation type of
electrical conduction with positively charged carriers
(holes) has been established. A crossover of the ther-
moelectric power from the phonon mechanism to the
electron mechanism during heating of the sample has
been revealed and a monotonic increase in the ther-
moelectric power at temperatures 7> 800 K has been
observed. The thermal expansion coefficient of the
bismuth cobaltite abruptly decreases in the tempera-
ture range 7'> 800 K. It has been found that there is a
correlation of the electrical and structural properties
of the solid solution at temperatures in the range 7' =
800—1000 K. A model has been proposed for the redis-
tribution of charges between bismuth ions with varia-
tions in the ionic radii and the lattice parameter with-
out a change in the lattice symmetry. The concentra-
tions of electrons in the conduction band and the
displacements of ions, the temperature dependences
of which are qualitatively consistent with the thermal
expansion coefficient of the lattice, have been calcu-
lated within the model of electrons interacting with
the lattice in the self-consistent molecular field
approximation.
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